Abstract
Introduction 71 The human vertebral column normally consists of 7 cervical, 12 thoracic, 5 lumbar, 5 sacral and 72 3-4 coccygeal vertebrae. Only the thoracic vertebrae are rib-bearing. Deviations from this 73 vertebral pattern rarely occur in healthy individuals, particularly in the cervical region. 1 74 However, variations in cervical patterning, including (rudimentary) cervical ribs, have been 75 described in specific populations. 2, 3 In the presence of cervical ribs, a partial or full posterior 76 homeotic transformation of the seventh cervical vertebra has occurred, because the vertebra 77 has features of a rib-bearing thoracic vertebra. This results in a change in the number of true 78 cervical and thoracic vertebrae and consequently to a shift of the cervicothoracic junction. 4 79 It has been hypothesized that the lack of variation in cervical vertebral patterning is the result 80 of developmental constraints or evolutionary selection against changes. [5] [6] [7] [8] The low prevalence 81 of cervical ribs in healthy pediatric or adult populations, compared to the high prevalence in deceased fetuses and neonates, supports this hypothesis. 7,9 A high prevalence of abnormalities 83 in vertebral patterning is also found in children with specific pediatric malignancies. [10] [11] [12] [13] 84 Furthermore, Galis et al. 7 concluded that the majority of individuals with cervical ribs, are not 85 expected to reach reproductive age. While the presence of cervical ribs is usually not directly 86 life-threatening, cervical ribs could be regarded as markers of disadvantageous embryonic 87 development, which in turn can result in an adverse outcome. 14 The underlying causal 88 mechanism of abnormalities in vertebral patterning and adverse developmental effects is 89 currently unknown, but the strong interactions between anterior-posterior patterning and the 90 development of different organ systems at early embryonic stages could play a role. 6 Disruption 91 of the vertebral pattern at the cervical level is expected to be more harmful than disruptions at 92 thoracic or lumbar level, because the caudal regions of the vertebral column develop later. 6, 7 The aims of the current study were to examine the prevalence of abnormal vertebral patterns 101 in deceased fetuses and neonates and to determine whether an abnormal vertebral pattern is 102 associated with (specific) structural and/or chromosomal anomalies in this population. This other hospitals were requested. All radiographs were assessed by one reviewer, who was 126 blinded for the autopsy results and the results of genetic investigations. Rudimentary ribs and 127 the vertebral pattern were defined following ten Broek et al. 6 : if a rib on the most cranial or 128 most caudal thoracic vertebra had a length of less than half of the rib of the adjacent thoracic 129 vertebra, it was considered rudimentary. Rudimentary cervical ribs were scored if the length of A subset of thirty randomly chosen radiographs was assessed twice by the same reviewer and 136 by a second reviewer, to determine the intraobserver and interobserver variability. 137 The study was performed according to the Dutch law on clinical trials in the Netherlands 138 (WMO) . Under this law the study does not require ethical approval or informed consent. This 139 was confirmed by the institutional ethics committee (Medical Research Ethics Committee 140 Erasmus MC, MEC-2014-098).
141
Analysis of copy number variation 142 DNA was isolated from material that was collected in patients opting for invasive prenatal or 143 postnatal diagnostic tests. We determined the CNV profiles in all coding and non-coding regions 144 of patients (n=265) using methods and analysis settings previously described. 25 of multiple pregnancies and more than one pregnancy per mother resulted in a total number of 178 366 included mothers. Autopsy was performed in the majority of patients (N=305, 81.6%). In 35 179 of the 69 patients in whom no autopsy was performed, an advanced ultrasound examination 180 was carried out (9.4%). The presence of structural abnormalities could not be ascertained in 40 181 patients. This included 31 still births, 6 terminations of pregnancy and 3 live births. In 33 of 182 these patients, neither autopsy nor advanced ultrasound examination had been performed. In 7 183 patients, the results of autopsy or advanced ultrasound examination were inconclusive. 184 Structural anomalies were present in a large proportion of the group (256/334, 76.6%) and the 185 prevalence was highest in the subgroup of pregnancy terminations (173/182, 95.1%), compared 186 to 43/55 (78.2%) in live births and 40/97 (41.2%) in stillbirths. In more than half of the patients 187 with a structural anomaly, more than one organ system was affected (146/256, 57.0%). The 70.8%), abnormalities involving the digestive system (28/46, 60.9%) and limb defects (43/71, 205 60.6%). The most disturbed vertebral pattern (CT_TL_LS) was frequently seen in patients with 206 ventral body wall defects (3/17, 17.6%), skeletal (3/24, 12.5%) and craniofacial (9/82, 11.0%) 207 abnormalities. 208 After subdivision of the study population in stillbirths, live births and terminations of 209 pregnancies, it became clear that the proportion of fetuses and neonates with a regular 210 vertebral pattern was significantly higher in live births (25/58, 43.1%), compared to stillbirths 211 (29/128, 22.7%) and terminations of pregnancies (46/188, 24.5%, p = 0.009). Cervical ribs were 212 significantly more common in stillbirths (69/128 (53.9%) and terminations of pregnancies 213 (101/188 (53.7%), compared to live births (18/58, 31.0%, p = 0.006). The distribution of the 214 vertebral pattern in these subgroups is shown in figure 6 . The prevalence of cervical ribs did not 215 differ significantly between fetuses and neonates with and without structural anomalies in the 216 total group (126/256 versus 40/78, X 2 (1) = 0.10, p = 0.80), nor in the subgroups of live births 217 (13/43 versus 4/12, p = 1.0), stillbirths (21/40 versus 32/57, X 2 (1) = 0.13, p = 0.72), or 218 terminations of pregnancies (92/173, versus 4/9, p = 0.74). The 4 live births with cervical ribs, 219 but without structural abnormalities died because of a subgaleal hemorrhage, sepsis, asphyxia 220 and uterine rupture, respectively. Autopsy was performed in all of these neonates. The 221 asphyctic neonate had mild dysmorphic features, but a normal karyotype. The pregnancy in 222 which a uterine rupture occurred was complicated by polyhydramnios and macrosomia. genetic mutation. Chromosomal or genetic analyses were not performed in the remaining 2 226 neonates. 227 No statistically significant difference was found in the prevalence of cervical ribs between males 228 and females (109/208 versus 79/166, X 2 (1) = 0.86, p = 0.36). When the group was categorized 229 according to the number of affected organ systems, the proportion of fetuses and neonates 230 with a disturbed vertebral pattern involving all vertebral boundaries (CT_TL_LS) was highest in 231 the subgroup with four or more affected organ systems (fig S1). 232 Gestational age at birth (M = 23.5 weeks, SD = 6.2, versus M = 23.7 weeks, SD=6.3, p = 0.73), 233 maternal smoking (p = 0.39), assisted conception (p = 0.47), use of folic acid (p = 0.77) and 234 maternal BMI (M = 24.8, SD = 5.3, versus M = 24.7, SD = 4.7, p = 0.91) were not significantly 235 different between fetuses and neonates with and without cervical ribs. 236 The intra-observer reliability was almost perfect for determination of the number of thoracic 237 ribs (Kappa = 0.84) and substantial for assessment of the presence of cervical ribs (Kappa = 238 0.78). The interrater reliability was substantial for both determination of the number of 239 thoracic ribs (Kappa = 0.77) and cervical ribs (Kappa = 0.74). 240 Karyotype was available in 221 (59.1%) patients. Aneuploidies were detected in 15 (6.8%) 241 patients; 10 (66.7%) of these had cervical ribs. Microarray tests were performed in 265 (70.9%) 242 of patients. Neither karyotype nor array was available in 54 patients (14.4%). In 31 patients (31/265, 11.7%) microarray showed an abnormality. Cervical ribs were present in 20/31 (64.5%) 244 patients with an abnormal microarray result. The presence of cervical ribs in patients with a 245 pathogenic or (likely) deleterious CNV was 50.0% (6/12) and 57.1% (4/7), respectively. These 
